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Abstract

Using a unique data set from the Wind, Polar, Interball 1, Magion 4, and Defense Meteorological
Satellite Program (DMSP) F11 satellites, comparisons with the Integrated Space Weather Model
(ISM) have provided validation of the global structure predicted by the ISM model, which in turn
has allowed us to use the model to interpret the data to further understand boundary layers and
magnetospheric processes. The comparisons have shown that the magnetospheric “sash” | White
et al., 1998], a region of low magnetic field discovered by the MHD modeling which extends
along the high-latitude flank of the magnetopause, is related to the turbulent boundary layer on
the high-latitude magnetopause, recently mapped by Interball 1. The sash in the data and in the
model has rotational discontinuity properties, expected for a reconnection site. At some point
near or behind the terminator, the sash becomes a site for reconnection of open field lines, which
were previously opened by merging on the dayside. This indicates that significant reconnection
in the magnetotail occurs on the flanks. Polar mapped to the high-density extension of the sash
into the tilted plasma sheet. The source of the magnetosheath plasma observed by Polar on
closed field lines behind the terminator was plasma entry through the low field connection of the
sash to the central plasma sheet. The Polar magnetic field line footprints in each hemisphere are
moving in different directions. Above and below the tilted plasma sheet the flows in the model
are consistent with the corresponding flows in the ionosphere. The turbulence in the plasma
sheet allows the convection patterns from each hemisphere to adjust. The boundary layer in the
equatorial plane on the flank for this interplanetary magnetic field By condition, which is below
the tilted central plasma sheet, is several Rg thick and is on tailward flowing open field lines.
This thick boundary layer shields the magnetopause from viscous forces and must be driven by
magnetic tension. Above the plasma sheet the boundary layer is dominated by the sash, and the
model indicates that the open region inside the sash is considerably thinner.



1. Introduction

Recent Interball 1 measurements have discovered
that the turbulent boundary layer over the high-
altitude cusp, originally identified by Haerendel [1978]
from Heos data, extends in wings back along the
flanks [Klimov et al., 1997; Savin et al., 1998a, 1998b,
1999]. These regions of strong ULF turbulence,
Alfvénic in nature, are also regions of low mag-
netic field magnitude and are described as magnetic
bubbles [Savin et al., 1999]. Statistically, they are
present a large percentage of the time in the high-
latitude dayside regions and extend in wings from
the cusp back around and down the flank to Xagm
distances of -20 Rg. The most intense events are
located above the cusp at Xggm values between -2
and +7 Rg. Savin et al. [1999] have suggested that
these regions/events are sources for magnetosheath
plasma entry into the magnetosphere and might pro-
vide plasma entry into the near-Earth magnetotail via
the flanks.

In an MHD simulation for positive interplanetary
magnetic field (IMF) By, White et al. [1998] found
a deep, narrow band of weak magnetic field strength
which was located on the high-latitude magnetopause,
running tailward on the dusk (dawn) side from the
cusp in the Northern (Southern) Hemisphere back
along the flanks into the tail, where it closed through
the plasma sheet. This feature, named the “mag-
netospheric sash,” is similar in location to the sepa-
rator line determined by Luhmann et al. [1984] us-
ing Crooker’s [1979] concept of antiparallel merging.
Topologically, the separator line is a locus of magnetic
merging sites in the model. White et al. showed that
the sash merged with the extremities of the tilted
plasma sheet in the tail, forming an “S” configura-
tion. The cross-tail S configuration was qualitatively
confirmed at X = -30 Rg by comparing the model
results to IMP 8 averaged data of Kaymaz and Siscoe
[1998] for similar conditions. The existence of the sash
was confirmed by an independent model [Nishikawa,
1998|.

In a parallel study using an MHD simulation from
a different model, Crooker et al. [1998] investigated
merging sites for positive IMF By and the division of
potentials between merging cells and lobe cells. Con-
ditions for merging were fulfilled in regions concen-
trated in northern-dusk and southern-dawn, extended
diffusive regions. They point out that mismatched po-
tentials between the two hemispheres are consistent
with the fact that field lines that pass near the mag-
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netopause acquire parallel potentials in the diffusion
region as required by theory [Cowley, 1973; Hesse and
Schindler, 1988]. The diffusion in the simulation is
numerical, which approximates, to some degree, the
role of physical diffusion required by theory. This
means that at a given instant of time a field line can
be traced from the ionosphere to the solar wind, but
at the next instant the solar wind ends are connected
to different ionospheric ends. Crooker et al. use Cow-
ley’s [1973]terminology of “changing partners.” Dif-
ferences in potential between the merging cells are in
an embedded lobe cell in the larger merging cell [see
Crooker, 1992; Burke et al., 1994]. They also rational-
ized sunward flow of open field lines in the ionosphere
as part of the ionospheric global response to the solar
wind driving, recognizing that magnetic tension does
not control the motion of field lines overdraped over
the high-latitude magnetosphere because of changing
partners. Crooker et al. also noted that reconnection
of open field lines along the ionospheric equipoten-
tial contour which they followed did not occur in the
center of the tail but on the flank. Kaymaz et al.
[1995] in comparing their IMP 8 magnetic perturba-
tion vectors with the Fedder-Lyon MHD results noted
concentration of perturbation vectors to the flanks.

Empirical convection patterns for By-dominated
conditions such as those of Heppner and Maynard
[1987] (HM) have always had the problem of how to
reconcile potentials in both hemispheres with very dif-
ferent patterns in each hemisphere. For positive By
conditions the HM “BC” pattern with the large cell
at dusk applies to the Northern Hemisphere while the
HM “DE” pattern with the large cell at dawn applies
to the Southern Hemisphere.

On January 12, 1997, Interball 1 skimmed the
high-latitude magnetopause for over 12 hours between
0635 and 1850 UT, transitioning in and out of the tur-
bulent boundary layer [Savin et al., 1999]. Because
of the uniqueness of this event and the availability of
applicable data from other satellites, this event was
selected as a study event for the Inter-Agency Consul-
tative Group (IACG) Campaign 2 for boundary layer
studies. The purpose of this campaign is to apply
data from multiple satellites in diverse locations to
constrain and improve our understanding of bound-
ary layer processes. Between 1300 and 1700 UT of
this interval the IMF was dominated by an average
4 nT By component, which had significant intervals
near 5 nT, and with the Bz component slowly chang-
ing back and forth between weak positive to weak
negative values. In addition to Interball 1 and its



companion satellite Magion 4, Polar, Geotail, and De-
fense Meteorological Satellite program (DMSP) F11
were strategically located for this study. The run of
the Integrated Space Weather Model (ISM) that was
used by White et al. [1998] to identify the sash was
for a constant 5 nT By; hence results from the model
run are directly comparable to the satellite data.

In this paper we will first use the satellite data
to establish the general validity of the simulation.
We will then use the model to interpret the satellite
data, establishing (1) that the wings of the turbulent
boundary layer are, at least in part, identifiable with
the sash, (2) that reconnection in the sash behind
the terminator serves to reconnect previously opened
field lines, completing the convection circulation, and
(3) that the sash is a location for entry of magne-
tosheath particles into the magnetotail. We will use
insight gained from the simulation to infer the charac-
ter of ionospheric convection and the flank boundary.
After a brief description of the model run, the paper
presents the satellite data and then compares it to the
model results. Discussion of the above points follows.

2. Integrated Space Weather Model

The Integrated Space Weather Model (ISM) is
based on standard MHD equations to which have been
added an additional neutral thermospheric fluid such
that the equations transform continuously into the
correct ionospheric equations at low altitudes. Mod-
eling continuously from the base of ionosphere to its
boundaries in the solar wind (a cylinder of radius 60
Rp with ends at X = 40 and -300 Rg), the finite dif-
ference grid resolution varies from a few hundred kilo-
meters in the ionosphere to several Rg at the bound-
ary [White et al., 1998]. The simulation reported here
had inputs similar to that reported by White et al.
[1998]. However, in this run there was no explicit vis-
cosity in the momentum equation, and the explicit
resistivity only turned on when the current density
exceeded a threshold, limiting the introduced dissipa-
tion to the dayside magnetopause and central plasma
sheet. For boundary conditions the solar wind ve-
locity, density, temperature, and magnetic field were
400 km s—1, 5 protons cm™3, 20 eV, and 5 nT, respec-
tively. For the first 2 hours the IMF was northward.
It was then rotated to pure positive By for the re-
mainder of the run. Results will be shown in sections
3 and 4 at 1 hour and 49 min after the westward turn-
ing. This time was chosen because of the availability
of an output data set, because it was far enough from
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the change to By to provide relatively steady con-
ditions, and because it was roughly a similar time
interval away from the turning to positive By in the
IMF data shown in section 3.2.

3. Observations: January 12, 1997

3.1. Data Sources

In the following event analysis we will present data
from six satellites: Wind, Polar, Interball 1, Magion
4, Geotail, and DMSP F13. The satellite locations are
given in Table 1 along with the relevant measured pa-
rameters. Applicable instrument descriptions may be
found in the footnoted references. Particular instru-
ment characteristics that might affect interpretation
are highlighted in the data presentations.

The afternoon of January 12, 1997, from 1500 to
1700 UT presented a unique configuration of Interna-
tional Solar Terrestrial Physics (ISTP) satellite loca-
tions as well as a relatively constant positive IMF By .
Interball 1 and Magion 4 were in the high-latitude
boundary layer and magnetosheath. Polar was be-
hind the dusk terminator in a basically dawn-dusk
orbit. Geotail was located in the central tail. DMSP
F13 crossed the dusk auroral region near 1712 mag-
netic local time (MLT). In this section we will intro-
duce data from each satellite, placing each data set
into the global context, using ISM. In section 4 we
will compare the data sets in more detail to results
from the ISM model run to qualitatively verify the
existence of the sash and advance our understanding
of solar wind/magnetosphere coupling.

To set the context, Plate 1 shows the ISM potential
patterns and magnetic field mappings of the satellite
locations for this event. Plate la presents a three-
dimensional view of magnetic field lines, tracing in
both directions from each satellite position given in
Table 1 using the ISM magnetic field. Blue indicates
field lines that connect to both hemispheres. Yellow
or green field lines are open, connecting to one hemi-
sphere. Red field lines are open to the solar wind
on both ends. Several lines from satellite positions
10 min apart are traced for each satellite. Plate 1b
shows a surface generated by the last closed magnetic
field line in the model. The surface is colored by the
strength of the magnetic field with red as strong and
green as weak. On the dayside this surface is the mag-
netopause. The hole in the surface around the pole is
from open lobe field lines. Note the green structure,
which extends from the cusp back along the flank to
the tail. This is the feature identified as the sash by
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Plate :



<1

White et al. [1998]. Note that the Magion 4 and
Interball 1 field lines pass near or through the sash,
with the Interball 1 field line that bends sharply (col-
ored red in Plate la and white in plate 1b) turning
in the sash. These points will be explored in more
detail after the data presentation. Plates 1c and 1d
present the ISM calculated potential patterns for the
Northern and Southern Hemispheres. The footprints
of the magnetic field lines passing through the satel-
lite locations that come down to the ionosphere are
shown in each plot. The orbit track for DMSP F13
is also shown on the Northern Hemisphere potential
plot.

3.2. Interplanetary Conditions

The IMF Y and Z magnetic field components as
measured by Wind are presented in Figure 1 along
with the dynamic pressure from 1300 to 1700 UT. The
data have been lagged by 20 min to account for the
propagation time from Wind to the magnetopause.
All UTs referring to solar wind data will include this
lag and be for the arrival time at the magnetopause.
After turning positive at 1440 UT, By, the domi-
nant component, reached an average level of approx-
imately 4 nT near 1530 UT and remained there with
long excursions up to 5 nT through 1630 UT. IMF
By oscillated between +2 nT, resulting in an average
magnitude of B near 5 nT.

The ISM run that was used to identify the sash
[ White et al., 1998] was driven by a constant IMF By
of 5 nT (Bz = 0). Because of the similarity of this
condition to the actual condition, qualitative compar-
isons are possible with the ISM model. Data will be
presented to show five specific matches of observations
to the model.

3.3. DMSP F13 Data

DMSP F13 crossed the evening auroral zone at
1712 hours MLT between 1552 and 1600 UT, cross-
ing very near the ionospheric footprints of Interball
1 and Magion 4. Plate 2 shows the electron and
number fluxes as well as the horizontal, cross-track
ion drift. All measured particle fluxes are downgoing.
Plates 2a and 2b show the total number flux and av-
erage energy of the electrons. Plasma sheet electrons
are seen initially, before more intense lower-energy,
boundary-layer-like fluxes, starting on sunward flow-
ing field lines and straddling the first convection re-
versal near 1554:30 UT, appear. The ion drift al-
ternates between sunward and antisunward flow until
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1557:30 UT, where the potential minimum, or clos-
est approach to the center of the convection cell, is
observed near 83° magnetic latitude. This potential
minimum location corresponds very well to the center
of the Northern Hemisphere cell in Plate 1. Note that
the potential pattern in Plate 1 is a snapshot at a sin-
gle time from the large-scale model and should not be
expected to reflect all the mesoscale temporal /spatial
structure observed in the data. In the layer at the first
convection reversal we also see ions ranging between
500 V and 1 kV. The multiple ion drift reversals are
associated with low-energy electron fluxes (negative
reversals) or no fluxes (positive reversals), indicating
structure in what probably is a lobe cell.

3.4. Polar Data

Plate 3 depicts from 1500 to 1700 UT the electric
field and energetic electron data from the Polar space-
craft, located at ~6 Rg radial distance and behind the
terminator near 1900 MLT. Polar crosses the evening
auroral zone ~2 hours later in MLT than DMSP. The
second panel shows the electric field along the velocity
vector, from which the potential along the orbit track
can be integrated (shown in the top panel). The elec-
tric field used in this calculation is measured in the
spin plane, where the measurement is not contami-
nated by density variations. The initial electric field
reversal is at 1530 UT with the flow turning weakly
antisunward. The flow stays this way until after 1600
UT, where the direction reverses back and forth sim-
ilar to the DMSP data in the region of the lobe cell.
The four electron spectrograms, from top to bottom,
depict the differential energy flux antiparallel to B,
parallel to B, the anisotropy, and the total. Blue
(yellow) anisotropy indicates fluxes that are more per-
pendicular (parallel). The higher-energy fluxes before
1530 UT are trapped plasma sheet electrons, while
the lower-energy fluxes with a mean energy of 100 eV
after 1530 UT are more field-aligned. The top two
spectrograms indicate that they are flowing in both
directions. Note that the trapping boundary is at the
first field reversal boundary, which is the potential
minimum.

[Plate

Plate 4 shows ion composition data from the Toroidal | Plate ¢

Imaging Mass-Angle Spectrograph (TIMAS) instru-
ment on Polar. From 1530 to 1600 UT, in the bound-
ary layer defined by the electrons, there are intense
fluxes of H* between 500 eV and 1 keV which are
accompanied by Het™ of similar energy. The energy
tends to increase slightly with time. Het¥ is a tracer
of solar wind origin particles. Similar energy ions are



also seen by HYDRA (not shown). Both instruments
show the ion fluxes to be relatively isotropic, which
indicates that the particles have been on closed mag-
netic field lines connected to Polar long enough to be
bouncing between both ends of the magnetic bottle,
formed either by connection to both ionospheres or
between one ionosphere and a potential that closes
the bottle, but not long enough to develop an empty
loss cone. The HYDRA moments indicate that the
ions are flowing with velocities between 20 and 100 km
s~1 with variable direction, primarily in the X Zagm
plane. Note from Plate 1 that the Polar field lines
map back to positions near the dusk flank with in-
creasing negative X distance with time. This will be
treated further in the model comparison discussions
in sections 4 and 5.

Comparison between Polar data near 1900 MLT
and DMSP F13 data near 1700 MLT shows that the
two spacecraft are seeing a similar boundary in poten-
tial as well as similar characteristics in the particles.
Both satellites are seeing flow that has an antisun-
ward component in the boundary layer flux region,
although the quadrature flow component may be sig-
nificant and different. The plasma sheet fluxes ex-
tend out to the first reversal in flow. Boundary layer
and/or magnetosheath origin fluxes are seen in the
region with a tailward component to the flow. The
Polar observation of Het?t and the mapping stress
again the magnetosheath origin for the observed ions.

3.5. Interball 1 Data

The Interball 1 spacecraft was located in the high-
latitude boundary layer, behind the terminator near
X = -10 Rg (see Table 1). Tracing the Interball 1
position within the magnetic field model (displayed in
Plate 1) indicated that Interball 1 was on Northern
Hemisphere open field lines that traversed near the
boundary or on magnetosheath field lines that did
not intersect either hemisphere.

Figure 2 displays the ion velocity, density and tem-
perature, magnetic field components and the magni-
tude, and a spectrogram showing the energy of the
ions for the interval between 1500 and 1900 UT. The
regions of strong positive Bx are indicative of mag-
netospheric locations, while transitioning to negative
Bx is an indicator of crossing the high-altitude mag-
netopause into the magnetosheath. There are many
of these crossings during the interval, which indicates
that Interball 1 was hovering near the boundary. Note
that Vx is always negative, which indicates that the
boundary layer adjacent to the magnetopause is flow-
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ing tailward as well as is the magnetosheath. We will
focus on the structure between 1550 and 1610 UT,
which is within a few minutes of the period when Po-
lar was observing Het ™.

Figure 3 presents two high-resolution data seg-
ments from 1552:30 to 1556:30 UT and from 1602:30
to 1606:30 UT showing magnitude of B, Bx, ion
fluxes observed by the detector in the spin plane, and
the pitch angle of those fluxes. Pitch angles greater
(less) than 90° when Bx is positive (negative) indi-
cate ion velocities with a tailward component. In the
bottom interval, Bx is primarily positive, indicating
that Interball 1 was on the magnetospheric side of the
boundary. The top interval is dominated by two peri-
ods of negative By corresponding to magnetosheath
magnetic field directions. The ion spectra are mod-
ulated with the 2-min spin period, which creates the
pitch angle variation. In the bottom interval the gaps
in the distribution near 1604:30 and 1606:10 UT cor-
respond to pitch angles of less than 90° with posi-
tive By, indicating that the principal flow is tailward.
Correspondingly, the high fluxes just after 1603 UT
and at 1605 UT have pitch angles greater than 90°, in-
dicating that these fluxes on the boundary layer side
are flowing tailward. The top interval near 1555:30
UT with negative Bx and small pitch angles indi-
cates tailward velocities on the magnetosheath side.
The large velocities in Figures 2a and 2b at the times
of the two intervals in Figure 3 are consistent with ac-
celerated tailward flow associated with the boundary
crossings, which suggests that Interball was tailward
of an active reconnection site. This is also consistent
with the field line mapping within the ISM model
shown in Plate 1. This will be further explored below
in more detailed comparisons with the model. The
core energy of the ions is near 1 keV, which is at the
high end of the energy range of ions observed at Po-
lar, with higher energy tails at greater than 7 keV.
The characteristic energy of the higher-energy ions
corresponds to that of the plasma sheet.

Most of these boundary crossings also involve a
distinct minimum in the magnitude of B. The B
minimums reach as low as 2 nT in short intervals.
Low magnetic field is a signature of the sash, while
near-zero magnetic field is a characteristic of recon-
nection [see White et al., 1998]. To further explore
these crossings, a minimum variance analysis was per-
formed, and the hodogram shown in Figure 4 was
constructed for the inward crossing between 1558 and
1600 UT, which had the smallest of the magnetic field
minimums in the interval. A boundary normal is dis-
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tinguishable with a rotation that changes sense in
the other two components. The ratio between the
intermediate to minimum variance is 4.3:1. The nor-
mal direction components of (-0.315, -0.606, -0.730)
describe a vector whose direction points inward and
slightly tailward, qualitatively consistent with a nom-
inal flaring magnetopause. The normal component of
B was found to be 0.08 nT with a statistical error
of 0.25 nT calculated by the method of Kawano and
Higuchi [1995] and 0.22 nT calculated by the method
of Khrabrov and Sonnerup [1998]. Since the normal
component is within the statistical error (as is often
the case in this type of analysis), we cannot conclude
whether the discontinuity was rotational or tangen-
tial, nor is either case ruled out. We may infer that
there is time dependence relative to possible recon-
nection associated with this location from the mul-
tiple minimums in B and the intensifications in the
tailward paricle fluxes seen over the time interval.

3.6. Magion 4 Data

The Magion 4 satellite (companion to Interball 1)
was located ~1 Rp sunward of Interball 1 in the
high-latitude boundary layer. Plate 5 shows ion and
magnetometer data from 1430 to 1630 UT. Plate 5a
presents the total current registered by the ion trap
oriented sunward. The units are arbitrary, but the
levels provide a rough estimate of 7 cm™3. A better
determination is not possible owing to the highly fluc-
tuating velocity, as will be discussed later. Plates 5b
and 5¢ show the Bx component of the magnetic field
(the principal component) and | B, respectively. The
depicted interval contains several boundary crossings
which are characterized by a sharp change in sign of
Bx and by a change of the magnitude. Note that in
the intervals of strong ion flux around 1500 UT, just
before 1600 UT, and at 1615 UT the magnitude of
the field approaches zero, reaching below 5 nT. This
is similar to the minimums seen in the Interball data.

Plates 5d - 5f present the ion energy flux measured
by the sunward oriented analyzer and the bulk and
thermal speeds computed from these data. The an-
alyzers oriented in the other directions (antisunward
and perpendicular to the Sun-Earth line) registered
significantly lower counts, just corresponding to the
thermal velocity.

The most intense fluxes are seen moving antisun-
ward in the regions of low magnetic field strength.
The energy of these bursts is around 1 keV, similar to
the ions seen by Interball 1 and on the high end of the
energy range of ions observed by Polar. Comparison
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of the Interball 1 and Magion 4 data indicates that
the low magnetic field region, which is characteristic
of the sash, extended sunward from Interball 1 to the
Magion 4 location.

Careful inspection of the energy spectrogram re-
veals two plasma populations, one with a typical en-
ergy near 1 keV and the second with an energy of
~400 eV. These populations are observed either sep-
arately (high energies at 1437 UT and low energies
at 1443 UT) or coexisting (at 1635 UT). As a rule,
the deepest depressions of the magnetic field coincide
with the appearance of the low-energy population.
The presence of the two ion populations makes im-
possible the determination of the bulk velocity which
oscillates between 150 and 400 km s~'. These values
roughly correspond to the energies of the observed ion
populations. The magnetosheath flow at the Interball
location is supersonic, and thus the newly reconnected
field lines are moving tailward rapidly. The ions ac-
celerated in the sunward direction in the plasma rest
frame are observed as a decelerated, low-energy pop-
ulation in the satellite frame [Safrdnkovd et al., 1998).
These observations suggest that at times, Magion 4
may be close to and occasionally sunward of an active
reconnection site in the sash.

3.7. Geotail Data

Figure 5 presents Geotail magnetometer and plasma | Figure

data for the interval from 1400 to 1700 UT. Geotail
oscillated between the plasma sheet boundary layer
and the lobe during the interval as seen by the den-
sity and temperature panels near the bottom. The
top four traces show the components and magnitude
of the magnetic field. Bx is negative and nearly equal
to B, confirming the location to be near the bound-
ary layer/southern lobe interface. The ion velocity
data show bursty earthward flows of 2-keV ions in the
boundary layer between 1500 and 1520 UT. Near 1440
UT the boundary layer flow is tailward with higher-
energy particles. The lobe flow between 1520 and
1610 UT is weakly tailward. In the later encounter
with the boundary layer the flow is weak and tailward.
Of particular note is the low energy of the boundary
layer ion fluxes. Away from the bursts, the energy is
near 1 keV, more typical of the magnetosheath than
of the central plasma sheet. This is true both near
1505 UT and in the brief reentry into the boundary
layer near 1630 UT. The source of this lower-energy
population is not clear as the satellite is located near
midnight in local time.



4. Model Results

The ISM model provides a “magnetosphere in a
box,” which can be probed and checked at points cor-
responding to the satellite locations. Comparison of
model parameters with data provides a check on the
consistency of the model. The model, in turn, can
suggest features that should be present in the data.
The sash is a case in point [White et al., 1998]. We
have taken each satellite location and traced in both
directions the magnetic field line passing through the
satellite. This provides an indication of the possi-
ble source/sink region in the magnetosphere for phe-
nomena seen in the data as well as the corresponding
location of the source/sink region in the ionosphere.
Using these traced field lines shown in Plate 1, we
have developed a series of plots to compare with the
data presented in section 3. These will be presented
and contrasted to their respective data in sections 4.1
and 4.2.

4.1. Magnetopause Comparisons

By displaying model quantities on a plane within
a three-dimensional (3-D) image, we obscure the por-
tion of magnetic field lines traced in three dimensions
that extend behind the plane. Thus the precise loca-
tion of those field lines at any X distance can be de-
termined. Plate 6 shows the magnetic field strength
(left) and ion mass density (right) on a plane at X
= -10.2 Rg, which is in between the Interball 1 and
Magion 4 locations. The yellow magnetic field lines,
which are open and connected to the Northern Hemi-
sphere, connect to Interball 1 and Magion 4. The
red field line, which is open on both ends, is the last
one mapped from Interball 1. The point where these
field lines cross the plane is in the low magnetic field
strength (green) and high ion mass density (red) re-
gion at the top of the sash (dark green region in left
panel). The bend in the red and yellow field lines is
in front of the plane.

This particular plane was also chosen because it is
where the second mapped Polar magnetic field line
crossed the plasma sheet. It is in the low mag-
netic field, high-density extension of the sash into the
plasma sheet. We will come back to this point later.

By moving the plane forward we were able to find
that the distance at which the red field line turns into
the magnetosheath is X = -5.5 Rg. The left panel
of Plate 7 shows the X component of the magnetic
field at X = -5.5 with the turning point at the rever-
sal or the magnetopause boundary. The right panel
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is a two dimensional plot of the magnetic field mag-
nitude (color bar) and the vector magnetic field in
the plane. The field lines as they project into this
plane are shown in their entirety. Note that the mag-
netic field lines form an X configuration centered in
the low magnetic field magnitude sash. By comparing
with the left panel, one can see that in the red region
the vectors have a component out of the paper, while
to the right of the sash in the green region the vec-
tors have a component into the paper. The last two
Interball 1 field lines bend in opposite directions at
this point in the center of the sash, one into the solar
wind and the other toward the northern ionosphere.
Magion 4 field lines are turning but not as sharply,
indicating that the particular ones that we traced are
staying in the boundary layer on the edge of the sash.
Thus we conclude that ISM places the satellite loca-
tions ~5 Rg tailward of a reconnection region, with
Interball 1 actually crossing the extension of the X-
line or separatrix.

The low magnetic field and magnetopause cross-
ings observed by both Interball 1 and Magion 4 agree
remarkably well with the configuration predicted by
ISM. Remember that the model run was with a con-
stant magnetic field driver, a good approximation of
but not the actual driving conditions. Also, reconnec-
tion in the model is the result of numerical diffusion
and may not conform exactly to reality. The flow be-
hind the X-line would be expected to remain tailward
across the boundary as it does in the data. The nor-
mal to the magnetopause points to the rear as well
as inward, which is qualitatively consistent with the
X-line defined in the model. Hence the data and the
model qualitatively agree. A major question would
be whether the actual X-line was closer to the satel-
lites than the model predicts. The Magion 4 results
are suggestive of this with the occasional observance
of a lower-energy (decelerated) ion population, which
indicates that the actual reconnection site may have
been intermittently tailward of that location.

4.2. Boundary Layer Comparisons

Geotall was located at X = -30 Rg near the center
of the tail. Its magnetic field lines map to both hemi-
spheres and are closed in the model as seen in Plate 1.
The left panel of Plate 8 shows the plane at X = —30
painted with the magnitude of the magnetic field.
Geotail maps to the edge of the low-field region of the
central plasma sheet. As such, it could be expected
to be traversing between the plasma sheet boundary
layer and the southern lobe as was observed. This

Plate ¢



provides an additional check on how well the model
configuration matches the actual conditions, extend-
ing confidence in the comparisons.

Plate 6 shows that the second mapped magnetic
field line passing through the Polar location pene-
trated the extension of the low-field region from the
sash into the edge of the plasma sheet. This is also
a higher ion mass density region. The third mapped
Polar field line cuts through the low-field extension of
the sash at X =-25.5 Rg. The right panel of Plate 8
shows that plane painted with magnetic field magni-
tude. The mapped contact with this plane is again in
the low magnetic field and high-density region. From
Plate la, the fourth Polar field line maps quite a bit
further back on the flank. Thus ISM maps Polar to
a long region of the flank in the extension of the sash
where the sash connects to the plasma sheet. The
magnetic field lines are closed as they map to both
hemispheres.

Polar observed Het* during this interval, which is
a signature of magnetosheath origin, and ions of the
order of 1 keV, which are of typical magnetosheath
energies. We can infer from ISM that these fluxes
could have entered through the low magnetic field re-
gion associated with the sheath and traveled up and
down the closed field lines, accounting for their nearly
isotropic distribution.

Comparing the electric field data and ISM poten-
tial patterns leads to several conclusions and dilem-
mas. From Plate 1, Polar maps in the Northern Hemi-
sphere to a region where the convection is equator-
ward with a sunward component. It is a region where
the flow is returning from the nightside, completing
the circulation. Magion 4 and Interball 1 also map
to points in the convection pattern that are far from
the dayside merging locations and are returning from
the nightside. The Southern Hemisphere mapping of
Polar is also to field lines that are flowing equator-
ward, but with an antisunward component. Again, it
is a region which is completing the convection flow.
For comparison, the flow would be turning from tail-
ward to sunward through the poleward extension of
the Harang discontinuity in the HM “DE” pattern,
again completing the circulation pattern of the small
dusk cell. The conclusion from ISM would be that Po-
lar was observing flows on closed field lines away from
a reconnection site where fluxes previously opened on
the dayside were reconnected to complete the circu-
lation pattern typically observed in the ionosphere.
However, ISM also presents a dilemma. The potential
contours intersected by the footprints in each hemi-
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sphere differ by 6-10 kV. This will be addressed fur-
ther in section 5.

Polar and DMSP both see ions of apparent mag-
netosheath origin. The DMSP drift measurements
indicate a sunward component to the flow, which re-
versed to antisunward between 1554 and 1555 UT at
the time of observation of the ions between 0.5 and
1 keV. The flow turned back sunward shortly after
the first observation of the ions. The brief period of
antisunward flow also has a significant poleward com-
ponent, as determined from the retarding potential
analyzer, which is used to measure the ram compo-
nent of drift. A subsequent reversal also had associ-
ated ions. These small-scale features are embedded in
a larger pattern of sunward flow, characteristic of the
large Northern Hemisphere afternoon cell with By
positive. The potential minimum is well poleward of
the ions. The DMSP pass crosses very close to the
mapped locations of Interball 1 and Magion 4 with
the direction reversal approximately at the mapped
location. Since Magion 4 and Interball 1 have been
located at the high-latitude magnetopause, this would
indicate that the additional negative potential pole-
ward of the DMSP ions would be part of a lobe cell
in which the whole circulation is within the open field
line region.

Two hours later in local time, the protons and
He™* are observed by Polar just after the potential
minimum (1530 UT) and before subsequent relative
maximum (1605 UT) and minimum (1627 UT); how-
ever, because of the long time it takes to traverse the
cell, relative maximums and minimums may be part
temporal and part spatial. The structure has simi-
larities to the DMSP observations. The Polar ions
are on field lines that are locally flowing antisunward,
rather than straddling the local convection reversal as
in DMSP.

5. Discussion

5.1. Magnetospheric Configuration

The correspondence of the data to the model is
very close. For instance, Geotail measurements place
the satellite transiting between the plasma sheet bound-
ary layer and the lobe, south of the plasma sheet.
The model maps Geotail to a similar position on the
southern edge of the plasma sheet. Interball 1 and
Magion 4 data place them at the high-latitude magne-
topause. ISM also maps these satellites on open field
lines at the magnetopause boundary. Polar is located
behind the terminator in the high-altitude magne-



tosphere and is observing particles of magnetosheath
origin. ISM maps Polar to just inside the sash on
the flank, in the low magnetic field extension of the
sash into the tilted plasma sheet. DMSP F11 ion drift
observations fit reasonably well into the ionospheric
convection pattern determined by ISM, with the con-
vection reversals near the open-closed boundary in
the model and the potential minimum near that of
the model cell. These correlations provide a reason-
able five-point qualitative comparison between actual
measured conditions and the ISM model. That ISM
describes actual conditions in these five diverse loca-
tions provides confidence that the model run is a rea-
sonable facsimile of the magnetosphere. This allows
us to probe the model to provide additional insight
into the interpretation of the data and into the over-
all physics of boundary layer processes.

5.2. The Sash as a Reconnection Site

The Interball 1 data show a minimum in the mag-
netic field as the magnetopause was crossed, but we
were unable to specifically conclude whether or not
reconnection was taking place at the time of the field
line tracing. The velocity at the boundary is tail-
ward in both the Interball 1 and Magion 4 data. The
mapping of the Interball 1 field line, which cuts the
Y X plane in the ISM run at 5.5 Rg as it turns out
into the magnetosheath, infers that an actual X-line
or reconnection site is located at that point. To see
this better, Plate 9 shows a plane that cuts through
the X location in the 5.5 Ry Y Z plane perpendic-
ular to the long axis of the sash. Both panels are
colored with the magnetic field magnitude. The top
panel shows velocity vectors, while the bottom shows
magnetic field vectors. The magnetic field vectors are
antiparallel in this plane at the merging site as would
be expected from the antiparallel merging criteria of
Crooker [1979]. The velocity vectors are flowing tail-
ward all around the reconnection site. From this we
infer that the reconnection site must have a tailward
velocity or there must be a flow through that is tan-
gent to the site and commensurate with the back-
ground sheath flow. La Belle-Hamer et al. [1995]
have modeled reconnection on the flanks with both
velocity and density shears. They conclude that the
most probable observation sunward of the separator
would be a decelerated tailward flow. If the shear
is large enough it suppresses reconnection. To see
sunward flow from the reconnection, it would be nec-
essary to transform into the proper rest frame of the
discontinuity. In actual fact, the reconnection separa-
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tor inferred from the mapping may have been closer to
Magion 4’s and Interball 1’s physical locations. The
mixing of lower-energy ions with the 1-keV ions in the
Magion 4 ion data could infer that a separator may
have been close to and tailward of Magion 4. How-
ever, the comparison of the ISM run with the Interball
1 data substantiates that the sash at this location in
the model is a reconnection site. In fact, considering
the variability of the data, there may be multiple sep-
arator locations in the low magnetic field region along
the boundary. On the basis of Luhmann et al.’s [1984]
locus of antiparallel reconnection sites, we further in-
fer that the sash comprises the same locus of sites.

Savin et al. [1999] have identified regions of high-
level ULF turbulence and low magnetic field strength
at the high-latitude magnetopause, which they have
called the turbulent boundary layer [after Haerendel,
1978], and they suggest that it is a region of plasma
penetration associated with the cusp. This turbu-
lent boundary layer is a common feature at high lat-
itudes. Their statistical study of 1 year’s data show
that there are wings of turbulence extending back
downtail from the cusp to X = -20 Rg at high lat-
itudes in the vicinity of the boundary between open
and closed field lines. These wings are both above
and below the equator. They note that the absence
of events at the equator may be from orbital restric-
tions. However, associating the turbulence and low
magnetic field strength of these events with merging
or reconnection sites, as we have done for the case on
January 12, it is easy to infer that the wings follow the
sash. Keeping in mind the antiparallel merging con-
straint, the sash can be expected to vary somewhat
in Y and Z loci, dependent on the relative strength
of the IMF components, resulting in a spread in the
locus of reconnection sites and a width to the wings.
Having said this, we must remember that these are in-
ferences from a single example, and the sash may not
be the only source for the turbulent boundary layer.

5.3. Convection Patterns

The ISM model allows us to probe the magne-
tosphere to better understand the processes that the
satellites are observing. Having established that re-
connection is occurring in the sash, and noting where
the Interball 1 field lines map in the Northern Hemi-
sphere (Plate 1), it is clear that the reconnection
process must close previously opened field lines from
the dayside. Thus, somewhere near or behind the
terminator, the sash changes from a primary dayside
merging site and becomes a site for reconnecting flux
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from the lobe, which serves to complete the convec-
tion cycle. This was first seen by Crooker et al. [1998].
The conclusion is that significant amounts of recon-
nection in the tail occur on the flanks away from the
center of the tail.

Heppner and Maynard’s [1987] empirical convec-
tion model (HM) recognized that two very dissimilar
patterns are applicable to opposite hemispheres when
IMF By dominates. It has not been clear how the
HM “BC” pattern for positive By in the Northern
Hemisphere matched the negative By “DE” pattern,
applicable to the Southern Hemisphere for positive
By conditions. Obviously, the polar caps could be
different, but the large cell in the patterns did not
easily map to the smaller cell at auroral zone lati-
tudes. This same situation is present in Plate 1 as
highlighted in the mapping of the Polar field lines
within the ISM model to each hemispheric convec-
tion pattern. Results from ISM in Plate 10 provide
clues as to the resolution of this dilemma. Plate 10a
shows the magnetic field magnitude with ion veloc-
ity vectors in the YZ plane at X = -10.2 Rg. This
is the location where the second mapped Polar field
line crosses the plasma sheet. The sash is seen as
the dark green region. We have defined an arbitrary
plane (plane C) that passes through the Polar field
line and is approximately parallel to the tilt of the
plasma sheet. Parallel planes above (plane B) and
below (plane D) are also noted. The magnetic field
magnitude and ion velocity vectors in each of these
planes are shown in the respective panels. In all three
planes the tailward flow in the magnetosheath is seen
in the upper right. In Plate 10b the sash is clearly
seen (dark green), and the flow near the Polar field
line is sunward and toward the flank. This is similar
to the flow (equipotential contours) in Plate lc. In
Plate 10d the flow near the Polar field line is anti-
sunward. This is similar to that in Plate 1d. Thus
the flow above and below the plasma sheet is con-
sistent with that in the respective hemispheres. In
the plasma sheet in Plate 10c the flow is mixed in
direction, implying mesoscale turbulence. At the ac-
tual mapping point, the flow is sunward, but adjacent
to that is antisunward flow. Vortices are seen which
vary with time. We may infer that there is continu-
ous 0B/0t, which could account for the differences in
potential on field lines between the two hemispheres.
We may also infer that the mapping is good for any
one instance; however, the mapping may be different a
short interval later. Thus we have a means for resolv-
ing the above dilemma. The sash and its extension
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into the plasma sheet provide a constantly changing
vortex structure that adjusts the potential differences
between the two hemispheres as reconnection brings
together open field lines of different potentials from
opposite hemispheres which are moving in different
directions. Crooker et al. [1998] called the process by
which potentials near the merging site adjust “chang-
ing partners” and suggested that it was a diffusion
region associated with reconnection. We suggest that
this process extends into the plasma sheet, at least
through the low field extension of the sash. In a study
of ISEE data, Borovsky et al. [1997] determined that
the plasma flow in the near-Earth plasma sheet was
dominated by fluctuations of the same or greater or-
der of magnitude. They inferred a mixing length scale
size of ~2 Rg for the turbulent flow. The turbulent
mixing was suggested as a source of enhanced viscos-
ity and randomization of magnetic field lines.

5.4. Plasma Entry

Plasma entry through the flanks has long been
speculated [e.g., Heppner et al., 1967]. The newer
measurements with increased data rates and capa-
bilities have been able to add new insight to this
question. Geotail has observed cold ions in the low-
latitude boundary layer on the flanks, which under
some conditions extend well into the magnetosphere
[e.g., Fujimoto et al., 1998; Savin et al., 1997]. Thus
the flanks are a source of magnetosheath particle en-
try. Savin et al. [1999] suggested that the turbulent
boundary layer near the cusp and its wings with its as-
sociated low magnetic field regions, or magnetic bub-
bles, as they described them, were locations of plasma
entry into the magnetosphere. We have further asso-
ciated these regions with the sash and reconnection,
which provides a mechanism for plasma entry. The
observations of Het* by Polar behind the terminator
are tracers of plasma of magnetosheath origin. Fol-
lowing the same logic, this plasma must have entered
through the low-field extension of the sash in the outer
plasma sheet and traveled along the field lines to Po-
lar. The right panel of Plate 6 shows that the density
is larger in this low-field region. The changing flow
patterns in Plate 10b suggest that the mesoscale tur-
bulence may be involved in the entry process. We
note also that similar proton and electron precipita-
tion to that seen by Polar was seen by DMSP at the
same UT, but 2 hours earlier in MLT, at the mapped
feet of the Interball 1 and Magion 4 field lines. Since
we infer that Interball penetrated the sash and Polar
is seeing Hett from the extension of the sash into



the edge of the plasma sheet, this suggests that the
sash along the whole flank is a source region for en-
try of magnetosheath plasma during the reconnection
process.

An additional curiosity is the existence of cold ions
of magnetosheath-like energies observed simultane-
ously by Geotail in the southern boundary layer in the
central part of the magnetotail. It is not clear whether
these came from the near-Earth flank through a tur-
bulent plasma sheet [e.g., Borovsky et al., 1997] or
from more distant flank access down the tail. The
weak magnetic field and higher plasma density at the
ends of the plasma sheet, where they merge with sash,
indicate that magnetosheath plasma is present inside
the nominal magnetopause and provides a possible
way for plasma to become entrained in vortices and
transported as those features evolve with time. In
any case, we infer from these measurements that the
flank is a significant source region for magnetosheath
plasma entry and that those fluxes may reach areas
large distances from the boundaries.

5.5. Boundary Layer Character

A point of discussion over the years has been
whether the boundary layer consisted of open or
closed field lines. For example, the model of Lotko et
al. [1987] describes a boundary layer on closed field
lines whose outer layer is viscously driven tailward.
Lyons et al. [1996] suggest that the boundary layer
is on open field lines. If the tailward flowing bound-
ary layer is on open field lines, it would be driven
by magnetic tension as the solar wind moves tailward
[Atkinson, 1972]. ISM provides the MHD answer to
the question for IMF By positive. Initiating magnetic
field line traces from plane B of Plate 10 between the
Polar trace and the sash, one finds mostly closed field
lines until getting very close to the sash. Thus the
dusk boundary layer above the plasma sheet has a
sunward flowing part on closed field lines and a thin
antisunward flowing part on open field lines. There
must be a sunward flowing portion of open field lines
between the two to provide flux for the reconnection.
In plane D the field lines near the boundary are mostly
open. Below the dusk plasma sheet for IMF By pos-
itive, the boundary layer is tailward flowing on open
field lines, and the boundary layer is several Rg thick.
Note that this thick boundary layer on open field lines
must be driven by magnetic tension, since the open
magnetic field lines are connected through the mag-
netosheath and shock and frozen into the faster solar
wind flow. The thick open field line region effectively
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shields the closed field line region from any viscous
forces from the magnetosheath flow, while perform-
ing the same function of initiating tailward boundary
layer flow by magnetic tension.

While the conclusions from ISM below the plasma
sheet can not be checked here, we can look at Interball
1 data relative to above the plasma sheet. Near 1540
UT while Interball 1 is on the magnetosphere side of
the magnetopause, there is evidence of bidirectional
or counterstreaming electrons. This is an indicator,
but not conclusive proof, of closed field lines in rel-
atively close proximity to a boundary crossing near
1545 UT (note the brief reversal of Bx at that time
in Figure 2). This may be a closed field line that has
resulted from the reconnection of two open field lines,
or the counterstreaming may result from a reflection
from an intermediate point along the field line. Sev-
eral other examples of counterstreaming electrons ex-
ist over the several hour interval in which crossings are
being observed. We suggest that this argues for a thin
open boundary layer in this region where flux is ap-
proaching the sash to reconnect and that closed field
lines must be produced by the reconnection. We note
also that within the whole region of Het™ fluxes ob-
served by Polar, counterstreaming electrons were ob-
served (Plate 3), agreeing with ISM that the mapped
Polar field lines were closed.

6. Conclusions

This unique data set and model comparison has
provided validation of the global structure of the ISM
model, which in turn has allowed us to use the model
to interpret the data to further understand boundary
layers and magnetospheric processes. The following
conclusions can be drawn from this study.

1. The magnetospheric “sash,” a region of low
magnetic field discovered in MHD modeling which
extends along the high-latitude flank of the magne-
topause, is related to the turbulent boundary layer
on the high-latitude magnetopause recently discov-
ered by Interball 1.

2. The sash in the model shows a clear X config-
uration, expected for a reconnection site. The rest
frame of the observed reconnection was moving tail-
ward along the boundary. The high-latitude magne-
topause crossing data confirm the sash location and
the minimum in B but are not able to conclusively
prove reconnection at the time used for the mapping.

3. The potential patterns in the ISM model re-
quire at some point near or behind the terminator



that reconnection must be reconnecting open field
lines which were previously opened by merging on the
dayside. The mappings of magnetic field lines passing
through the location of Polar to locations just inside
the flank magnetopause in Plate 6 and to ionospheric
equipotentials in Plate 1 indicate that ISM places that
reconnection in or near the sash. These field lines pass
to the dawnside of the dusk potential minimum, and
the DMSP data in Plate 2 support that the field lines
toward dawn from the potential minimum were open
in the polar cap. The model thus implies that a signif-
icant fraction of the reconnection in the magnetotail
occurs on or near the flanks, as concluded by Crooker
et al. [1998].

4. Polar mapped to the high-density extension of
the sash into the tilted plasma sheet. The Polar mag-
netic field line footprints in each hemisphere are mov-
ing in different directions. Above and below the tilted
plasma sheet the flows in the model are consistent
with the corresponding flows in the ionosphere; how-
ever, there is a potential difference across the plasma
sheet. The structure in the plasma sheet is time de-
pendent. We suggest that induction electric fields
from the constantly changing structure of the outer
plasma sheet may account for the potential differences
and allow the convection patterns from each hemi-
sphere to adjust.

5. Magnetosheath-like plasma was observed at Po-
lar on closed field lines behind the terminator as ev-
idenced by the HetT. The ISM model comparison
implies that the source of the magnetosheath plasma
observed by Polar was plasma entry through the low
field connection of the sash to the plasma sheet.

6. Cold plasma also reached Geotail in the plasma
sheet boundary layer in the central magnetotail.

7. The boundary layer in the equatorial plane on
the flank for this IMF By condition, which is below
the tilted central plasma sheet, is several Rg thick
and is on tailward flowing open field lines. This thick
boundary layer shields the magnetopause from vis-
cous forces and must be driven by magnetic tension.
Above the plasma sheet the boundary layer is domi-
nated by the sash, and the model indicates that the
open region inside the sash is considerably thinner.
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Figure 1. The Y and Z components of the interplanetary magnetic field (IMF) and the dynamic pressure plotted
for the interval from 1300 to 1700 UT on January 12, 1997.

Figure 2. (a-i) Interball 1 data showing velocity, density, temperature, magnetic field and ion energy spectra from
1500 to 1900 UT on January 12, 1997. Reversals in By (Figure 2g) from positive to negative are indicative of
magnetopause transitions from the magnetosphere to the magnetosheath. The X component of the ion velocity
(Figure 2b) is tailward, or near zero, throughout the interval.

Figure 3. High-resolution Interball 1 magnetometer data and ion spectra for the intervals (top) 1552:30-1556:30
UT and (bottom) 1602:30-1606:30 UT. Because of spin and changing magnetic field, the pitch angles for the ion
spectra are constantly changing. Note also the low magnetic field values near the reversals of Bx. The principal
ion fluxes are tailward flowing as evidenced by pitch angles greater (less) than 90° combined with Bx positive
(negative).

Figure 4. Hodogram of the Interball 1 magnetic field data for the magnetopause crossing between 1558 and 1600
UT. The arrows indicate direction along trace for advancing time.

Figure 5. Geotail magnetometer and plasma data for the interval from 1400 to 1700 UT. Bx, By, Bz, and B
are shown in the top four traces. Vx, Vi, Vz, and V are shown in the next four traces. Density, temperature,
and pressure are shown in the bottom three traces. General locations of where the densities and temperatures
correspond to the lobe and the plasma sheet boundary layer (PSBL) are noted.



16

Plate 1. Overview of Integrated Space Weather Model (ISM) model results. (a) Depiction in three dimensions of
the mappings of magnetic field lines from each of the satellites. The yellow and red lines are open and interplanetary
field lines passing through Interball 1 and Magion 4 locations. The blue lines are closed field lines passing through
the Polar and Geotail locations. (b) Depiction of the last closed field line surface painted with the magnitude of the
magnetic field. The green low-magnitude region extending from the cusp back across the high-latitude dusk flank
is the sash. The Interball 1 and Magion 4 field line traces are seen just above the surface. (c,d) Depictions of the
ISM convection patterns for the Northern and Southern Hemispheres. The footprints of those field lines reaching
the ionosphere are seen with blue designating closed field lines and green designating open field lines.

Plate 2. (a-f) DMSP F13 data between 1552 and 1600 UT. Plates 2a and 2b show the total number flux and
average energy of the electrons. Plates 2c and 2d show the energy spectrograms of the electron and ion fluxes,
respectively. Plates 2e and 2f show the cross-track drift and the integrated potential along the track.

Plate 3. Electric field and energetic electron data from the Polar spacecraft from 1500 to 1700 UT. The top
two panels show the integrated potential and the component of the electric field along the spacecraft track. The
four energy flux versus time spectrograms from the HYDRA instrument depict the flux antiparallel to B, the flux
parallel to B, the anisotropy ratio of the parallel to perpendicular fluxes, and the total energy flux.

Plate 4. Ion energy spectra and pitch angles differentiated by mass (Ht, OT, He', and He™™) from the Toroidal
Imaging Mass-Angle Spectrograph (TIMAS) instrument on the Polar spacecraft for the interval from 1500 to 1700
UT. The units in these plots are number fluxes.

Plate 5. (a-f) Magion 4 magnetic field and particle data for the interval 1430-1630 UT. Plate 5a records the total
current into ion traps looking toward (flowing away from) the Sun, while the Plate 5d shows the energy spectra.
Plate 5b shows By, while Plate 5c registers the intensity of the magnetic field. Plate 5e and 5f record the bulk and
thermal speeds computed from the ion data. Note the very low magnetic field values at the polarity reversals in By
(transitions between the magnetosphere and the magnetosheath), especially just before 1600 UT, when Interball
1 was also observing crossings of the magnetopause. The most intense fluxes are observed moving antisunward in
the regions of low magnetic field strength.

Plate 6. ISM results at X =-10.2 Rg. The left panel shows the magnetic field magnitude and the traced magnetic
field lines from the satellite locations that are in front of the plane. Note that the second Polar trace just cuts this
plane in the center of the low field extension of the sash. The right panel depicts ion mass density in the same
panel with the traced field lines. Note that the density fills in the low field region at the edge of the plasma sheet.
In both panels the turning point for the Interball 1 and Magion 4 traces is well in front of this plane.

Plate 7. ISM results at X = -5.5 Rp. The left panel is a 3-D view of the magnitude of Bx in the plane with
the traced field lines. The turning point of the red Interball 1 magnetic field trace is just in front of this plane at
the point where By reverses polarity, or at the magnetopause. The right panel shows the 2-D view of this plane
colored with the magnitude of the magnetic field and overlaid with magnetic field vectors as well as the projection
of the traces. Note that the red trace turns in the center of the sash.

Plate 8. ISM results for the magnetotail. The left panel shows the plane at X = -30 Ry painted with the
magnitude of the magnetic field. Geotail maps to the southern edge of the low magnetic field region of the central
plasma sheet. The right panel shows the plane at X = -25.5 Rg, which is the location where the third Polar field
trace cut into the low field extension of the sash.
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Plate 9. ISM results from an arbitrary plane defined as perpendicular to a line through the long axis of the
sash, and the point where the field line passing through the Interball 1 location turned abruptly out into the
magnetosheath and solar wind at X = -5.5 Rg. This plane cuts through the reconnection site at the center of the
sash. The top (bottom) panel shows velocity (magnetic field) vectors overlaid on contours of the magnitude of the
magnetic field.

Plate 10. (a) The edges of three parallel planes passing above, through and below the plasma sheet connection to
the sash at X = —10.2R g where the second mapped Polar magnetic field line intersected the plasma sheet. (b-d)
The ion velocity vectors overlaid on the magnetic field intensity in each of these planes.



Table 1. Satellite Locations on January 12, 1997, Instruments, and Measurement Parameters

Satellite ur Xesm(RE) Yosm(RE) Zasm(RE) Instruments/Parameters
Wind
15:00 105.4 -53.4 10.2 MFI? SWEP
IMF B and dynamic pressure
Polar
1 15:24 -1.75 3.94 3.51 EFI¢ HYDRAZ TIMAS® MFIf
2 15:33 -1.87 3.88 3.78
3 15:42 -1.98 3.82 4.05 FE, B, electron energy flux,
4 15:51 -2.08 3.74 4.31 ion mass-differentiated spectra
Geotail
1 15:24 -30.17 2.24 -3.00 MFE# LEP"?
2 15:36 -30.19 2.16 -2.99 B, ion velocity, density, temperature
3 15:48 -30.21 2.09 -2.98 and pressure
Interball-1
1 15:24 -10.05 13.84 13.80 ASPIl CORALLS
2 15:33 -10.12 13.83 13.89
3 15:42 -10.19 13.82 13.98 B, ion energy and velocity
4 15:51 -10.27 13.80 14.07
Magion-4
1 15:24 -9.19 13.79 12.92 SGR-8¢ VDP-S!
2 15:33 -9.28 13.81 13.00
3 15:42 -9.37 13.83 13.08 B, ion energy and velocity
4 15:51 -9.45 13.84 13.16
DMSP-F13 (Ionosphere)
15:52 830 km 17.2 MLT 65.4° MLAT SSJ/4mSSIES™
15:57 830 km 17.2 MLT 82.8° MLAT ion and electron fluxes, ion drift

®Lepping et al. [1995]

® Ogilvie et al. [1995)
®Harvey et al. [1995]
dScudder et al. [1995]
®Shelley et al. [1995]
fRussell et al. [1995]

€ Kokubun et al. [1994]
B Mukai et al. [1994]
'Klimow et al. [1997]

1 Yermolaev et al. [1997]
X Nemecek et al. [1997]
'Safrankovd et al. [1997]
™ Hardy et al. [1984]

" Rich and Hairston [1994]



